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Abstract
Among the superconducting graphite intercalation compounds, CaC6 exhibits the highest
critical temperature Tc = 11.5 K. Bulk samples of CaC6 are obtained by immersing highly
oriented pyrographite pieces in a well-chosen liquid Li–Ca alloy for 10 days at 350 ◦C. The
crystal structure of CaC6 belongs to the R3̄m space group. In order to study the
superconducting properties of CaC6, magnetisation was measured as a function of temperature
and direction of magnetic field applied parallel or perpendicular to the c-axis. Meissner effect
was evidenced, as well as a type II superconducting behaviour and a small anisotropy. In
agreement with calculations, experimental results obtained from various techniques suggest
that a classical electron-phonon mechanism is responsible for the superconductivity of CaC6.
Application of high pressure increases the Tc up to 15.1 K at 8 GPa.

Keywords: graphite intercalation compound, synthesis, x-ray diffraction, crystal structure,
superconductivity

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Carbon exists in several allotropic forms including diamond,
graphite, carbynes, fullerenes and carbon nanotubes.
Graphite—a lamellar solid—is the most stable form at room
conditions. It is built from sp2 hybridised carbon atoms
forming two-dimensional graphene layers connected by weak
Van der Waals’s bonds. The small carbon–carbon distance in
the graphene planes (142 pm) originates from strong covalent
bonds between adjacent carbon atoms. In reality, two bonds
are stacked: a σ -bond and a πz-bond. All the πz-bonds
belonging to the same graphene plane are delocalised on
that plane. Weak Van der Waals bonds in the perpendicular
direction result in much larger distance of 335 pm between
the graphene planes.

Presence of strong covalent and weak Van der Waals
bonds results in highly anisotropic properties of graphite. For
this reason, soft chemical reactions take place, for which the
chemical reagents can attack exclusively the areas of weak
cohesion (called Van der Waals gaps), without disrupting the
covalent bonds. These gaps (interplanar galleries) spread apart
in order to accommodate the space necessary for setting up the
reagent.

These specific soft reactions are called intercalation
reactions. In most cases, they are reversible, and it is possible
to regenerate the pristine graphite by a moderate heating.
Because of its medium electronegativity, carbon acts as
an amphoteric element, so that in intercalation reactions,
graphite can provide or accept electrons. Electron transfer is
compulsory for intercalation reactions.
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Alkali metals, alkaline-earth metals and several
lanthanides are very good reducing species; they intercalate
into graphite at relatively low temperature, releasing
electrons into the graphene layers and resulting in binary
compounds [1–8].

Together with alkali metals, numerous other elements
can intercalate into graphite producing ternary compounds.
This category includes weakly electropositive elements H,
Hg, Tl, Bi, As [9] and strongly electronegative O, S and
halogens [10, 11]. All these elements behave towards graphite
as electron donors (reducing agents) and generally result in
poly-layered intercalated sheets.

The first measurement of superconductivity in a graphite
intercalation compound was reported in 1965 [12] on KC8

which exhibits very low critical temperature Tc = 0.14 K [13].
Later, several ternary graphite intercalation compounds
revealed higher Tc of 1.4 K for KHgC8 [14] and 2.7 K for
KTl1.5C4 [15].

Recently, the discovery of high critical temperatures
in graphite intercalation compounds YbC6(Tc = 6.5 K [16]),
CaC6(Tc = 11.5 K [16, 17]) and Li3Ca2C6 (Tc = 11.15 K
[18]) has renewed the interest in this family of lamellar
materials. This paper overviews synthesis, crystal structure
and superconducting properties of CaC6.

2. Synthesis

It is well established that intercalation of the alkaline earth
metals from vapour phase into graphite is more difficult than
of the alkali metals. Furthermore, among these metals, Ba and
Sr intercalate rather easily as compared to Ca [6]—reaction
between Ca vapour and a platelet of pyrolytic graphite leads
only to a very superficial intercalation. Moreover the reaction
temperature has to remain low enough to avoid formation
of calcium acetylide. Consequently, bulk calcium–graphite
materials have not been produced by vapour phase reaction,
and their crystal structure and other properties have not been
studied much.

In 2004, we have succeeded in synthesising CaC6 in
the bulk and almost pure form, using a novel method of
plunging pyrolytic graphite into a molten Li–Ca alloy of
certain composition [19]. We have shown that four factors
are essential to the reaction: temperature, alloy composition,
reaction time and purity of the reagents.

The reaction temperature is crucial because graphene
planes are ruined above 450 ◦C. Fortunately, addition of Li
to Ca decreases the high melting temperature of Ca (839 ◦C).

Reproducible reaction requires high purity of metallic
reagents, which should be systematically handled in a glove
box filled with high-purity argon. Both Li and Ca are precisely
weighed to obtain an alloy with Li/Ca ratio between 3 and 4.
Melting occurs in a stainless steel tube placed in a tubular
vertical furnace, able to heat up to 400–450 ◦C. The alloy is
then well agitated to obtain a homogeneous liquid.

A graphite platelet (5 × 15 × 0.2–0.5 mm) is then
plunged into the molten alloy and the reactor is tightly
closed under pure argon atmosphere. Finally, the reaction is
carried out for ten days at around 350 ◦C. After this step, the

sample is extracted from the reactor and its surface is cleaned
by centrifugation at 300–350 ◦C or by cleavage. Rigorous
observation of these experimental conditions results in pure
first-stage CaC6.

Intercalation mechanisms leading to CaC6 was studied
by x-ray diffraction (XRD) [20]. It is well established that
the role of Li is twofold. Firstly, it serves as a flux for
Ca, so that the liquid-solid reaction can be carried out at
low temperatures. It also facilitates intercalation of Ca by
pre-opening the graphitic galleries during the first step of
the reaction. Indeed, during the first hour of the reaction,
Li-graphite compounds follow successively through the 5th,
4th, 3rd, 2nd and 1st stages. This staging mechanism is
quite usual for the intercalation reactions of pure metals into
graphite. When the sample turns into quasi-pure LiC6, the
second mechanism begins, which is a slow and progressive
substitution of Li by Ca, so that, after several days, the
sample contains only pure CaC6. During this slow substitution
process, both LiC6 and CaC6 binaries coexist in the sample
and total segregation of both compounds takes place.

3. Crystal structure

Synthesis of bulk CaC6 by this novel technique greatly
facilitated solving the CaC6 crystal structure [21]. We know
that at the first stage, binary graphite-metal intercalation
compounds possess a very specific stoichiometry.
Experimentally, we have shown that it corresponds to
MC8 for the biggest metals and to MC6 for the smallest
ones. When the interlayer distance exceeds 530 pm, the MC8

stoichiometry is obtained (M = K, Rb and Cs), while the MC6

(M = Li, Sr, Ba, Eu, Yb and Ca) composition is observed
for smaller distances. The latter stoichiometry corresponds
to an AAA... stacking of the successive graphene planes, so
that the metal atoms are located in prismatic hexagonal sites,
and the adjacent graphene and metal planes are epitaxial.
In each graphitic gallery, only one out of three prismatic
sites is occupied by a metal atom. Therefore, the metal plane
can occupy three different positions in the graphitic interval
(denoted α, β and γ , so that three different c-axis stacking
possibilities can be considered [21] :

AαAαAαAαAα . . .

AαAβAαAβAα · · ·

AαAβAγ AαAβ . . .

In the first case, the c parameter of the unit cell is obviously
identical to the interlayer distance di , for the second stacking
c = 2di , and for the third one c = 3di . The first or the second
stacking leads to hexagonal crystal symmetry, and the third
one corresponds to rhombohedral symmetry.

The first stacking was only observed for LiC6; other
known MC6 compounds (SrC6, BaC6, EuC6, SmC6 and
YbC6) adopt the second stacking. As shown below, CaC6 is
different, and its rhombohedral symmetry agrees to the third
stacking.

The x-ray diagram of the 00l reflections of CaC6 gives
interlayer distance of 452.4 pm (figure 1). Thanks to the
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Figure 1. (a) 00l x-ray diffraction pattern. Reflexions are indexed in the hexagonal 00l and rhombohedral hkl representations
(rhombohedral structure can be represented in both systems). (b) Crystal structure of CaC6 (rhombohedral unit cell) [21].

drawing of its c-axis electronic density profile, the CaC6

chemical formula is unambiguously established. At last,
this stoichiometry was confirmed with high precision using
nuclear microprobe [22, 23]. On the other hand, the study
of the hk0 and hkl reflections also reveals its peculiar
stoichiometry.

The diffraction pattern obtained by the rotating crystal
method reveals the lattice parameter a ∼= 433 pm. It is very
close to aG

√
3, where aG corresponds to pristine graphite.

This result additionally confirms the CaC6 stoichiometry.
A detailed analysis of the [10] row of the diffraction

pattern clearly shows that the c parameter of the 3D
hexagonal unit cell reaches 1357.2 pm (three times of the
interlayer distance: 1357.2 = 3 × 452.4) corresponding to the
AαAβAγ AαAβ . . . stacking.

Other observations have to confirm this interpretation. In
particular, we have shown that the hkl reflections obey the
general diffraction condition: −h + k + l = 3n. It is a good
confirmation of the proposed model for the stacking of c-axis
Ca planes. Such a stacking leads to rhombohedral symmetry
(space group R3̄m).

The description of CaC6 in its rhombohedral unit cell
leads to the following parameters: a = 517 pm, a = 49.55◦

(figure 1), and the Wyckoff’s atomic positions are
C: 6 atoms 6g (1/6 5/6 1/2)
Ca: 1 atom 1a (0 0 0)

This unit cell is primitive, centrosymmetrical and belongs to
the holoedry of the rhombohedral system.

The experimental a value was precisely determined from
hk0 XRD pattern using diamond powder as internal standard.
Therefore, the carbon-carbon distance in the graphene planes
of CaC6 can be calculated as 144.4 pm [21]. This distance
is larger than in graphite due to intercalation; the difference
reaches 2.4 pm or 1.69%. The Pietronero-Strässler formula
allows to calculate the charge transfer due to intercalation

of Ca into the graphitic galleries. The charge transfer per
one carbon atom is 0.103. Interestingly, among all MC6

compounds, CaC6 shows the largest increase of C-C distance
and strongest charge transfer.

In a recent work [24], metastable CaSi6 compound was
synthesised at pressure of 10 GPa and temperature of 1520 K.
Under ambient conditions, CaSi6 progressively turns into Si
and CaSi2. Although silicon and carbon belong to the same
column of the periodic table, Si makes single bonds only,
while carbon forms single, double and even triple bonds. In
CaC6, the carbon atoms are sp2 hybridised so that the 2D
graphene planes contain both single and double bonds which
are delocalised in every successive plane. Calcium atoms
intercalate between the planes so that their coordination by
carbon is 6. On the contrary, in CaSi6, the sp3 hybridised
Si atoms are connected by single bonds, leading to a 3D
clathrate-like framework. This framework contains hexagonal
cages, which embed Ca atoms with coordination by Si of
18. In both cases, Ca is ionised and the excess electrons are
found in the basins of C–C or Si–Si covalent bonds. Electronic
properties of CaC6 and SiC6 are very different: CaC6 is
metal and becomes superconducting at low temperatures,
while SiC6 is a poor conductor and is diamagnetic at low
temperatures.

4. Superconducting properties

Since the discovery in 2005 of a superconducting transition
in CaC6 with Tc as high as 11.5 K [16, 17] (figure 2), much
attention has been paid to alkaline-earth metal intercalated
graphite. Two other superconductors were discovered,
YbC6 (Tc = 6.5 K [16]) and SrC6 (Tc = 1.65 K [25]). In
addition, surprisingly high Tc of 11.15 K was observed in
ternary compound Li3Ca2C6 [18]. Various experimental and
theoretical studies attempted to explain the unusually high Tc
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Figure 2. Zero field cooling (ZFC) and field cooling (FC)
magnetisation versus temperature (field applied parallel to the
graphene planes).

Table 1. Interlayer distances di , critical temperatures and
anisotropic ratios of several graphite intercalation compounds.

Compound di (pm) Hc2⊥c/Hc2‖c Tc (K) Reference

KC8 535 4.7–6.2 0.15 13
KHgC4 1015 11 0.73 29
KHgC8 1350 30–31 1.9 30
YbC6 457 2 6.5 16

2.1 6.5 31
Li3Ca2C6 970 1.5 11.15 18
CaC6 451 11.5 16

452.4 2 11.45 17
3.5–4 11.3 28

of these compounds as compared to the low Tc of traditional
alkali metal-based graphite intercalation compounds (0.14 K
for KC8 [13] and 0.025 K for RbC8 [26]). In this paper, we
focus only on CaC6, which was studied the most during the
last 3 years.

Various magnetisation measurements [17, 27, 28] were
performed to determine the critical fields in the two main
orientations—with the external field perpendicular (H⊥c) or
parallel (H‖c) to the graphite c-axis (figure 3). The upper
critical fields Hc2⊥c and Hc2‖c reach 9500 Oe and 5000 Oe at
2 K, respectively [17], and the anisotropic ratio Hc2⊥c/Hc2‖c

is ∼2 [17, 24]. Slightly higher ratio was reported by Xie
et al [28]. However, their sample was prepared by the
vapour transport method, which leads only to a surface
intercalation [4], and it showed lower Tc of 11.3 K. The
anisotropic ratios of several graphite intercalation compounds
are listed in table 1.

Despite the lamellar structure of such compounds, the
magnetic behaviour of CaC6 is more three-dimensional than
expected. In comparison, superconducting potassium-based

graphite intercalation compounds are more anisotropic.
Quasi-2D superconductivity was however proposed for CaC6

from magnetoresistance measurements [32]. Indeed, the
angular dependence of the upper critical field is well fitted by
the Lorentz–Doniach’s theory, which assumes weak coupling
between the superconducting layers in the 2D limit. A
similar behaviour was recently observed for YbC6 [31]. This
behaviour can be explained by the thin-film nature of the
sample, superficial intercalation and/or the high-density of
stacking faults of the host graphite. Experiments on several
samples, prepared from various kinds of graphite, are required
to conclude on the evolution of the upper critical field.
However, to our knowledge, it is not possible to obtain
single crystals of graphite intercalation compounds due to the
diffusive nature of the intercalation reaction—several domains
are always created. The most studied example is KC8, for
which the polysynthetic nature was clearly demonstrated,
even when the starting graphite was a single crystal [33].

Various theories have rapidly emerged to explain
the surprisingly high Tc of CaC6. One explanation is
based on conventional electron–phonon pairing [34–37];
others [34] involve unconventional mechanisms such as
plasmonic or excitonic pairing. The first experimental
evidence was provided by high-resolution mutual inductance
technique [38], which determined the symmetry of the
gap function via magnetic penetration depth λab in the
superconducting state. In fact, λab exhibits thermally activated
behaviour, which can be related to an ‘s-wave’ symmetry of
the gap function (figure 4). This experimental result pointed
to standard Bardeen–Cooper–Schrieffer’s (BCS) scenario.
The fit of 1λab (T) for T < Tc/2 leads to λab(0) = 72 ±

8 nm and a zero-temperature superconducting gap 1(0) =

1.79 ± 0.08 meV. With these values, the ratio 21(0)/kBTc is
estimated at 3.6 ± 0.2, which is very close to the BCS value of
3.52. Moreover, a good agreement with the calculation [35] is
observed as the expected ratio reaches 3.69 [39], determined
with the predicted value of electron–phonon coupling and
the logarithmic average phonon frequency. Because of the
CaC6 atmospheric sensitivity, some oxide or hydroxide can
be present on the surface. Measurements of 1λab on aged
CaC6 surface resulted in 30% lower gap value as compared
to freshly cleaved samples [38].

During the nineties, it was believed that graphite
intercalation compounds are two-gap superconductors [40].
In order to check this possibility, a fit of the data with a
two-gap model [41] was attempted. However, no additional
information was obtained, simply because single-gap analysis
fully described the variation of 1λab [38].

Gap value 1(0) = 1.5 ± 0.3 meV was reported [42]
from microwave measurements. This slightly smaller value
possibly relates to the smaller penetration depth of microwave
impedance measurements and it confirms high surface
reactivity of CaC6.

The measured anomaly in the specific heat also suggests
an s-wave gap with 21(0)/kBTc = 3.552 [39]. However,
Mazin et al [43] pointed out that the above-mentioned
electron-phonon theories do not fit into these data. This
problem was solved by recent calculations [44]. The method
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Figure 3. (a) Magnetisation versus field at various temperatures and (b) magnetic phase diagram of CaC6 [17].

Figure 4. (a) Inductive characterisation of CaC6 (resonance frequency f0 and amplitude A0), (b) variation of magnetic penetration depth
1λab with temperature. The inset zooms into low-temperature region (after [38]).

developed to describe superconductivity in elemental metals
produced moderately anisotropic gap function perfectly fitting
the specific heat measurements.

Scanning tunnelling microscopy and spectroscopy
(STM/STS) [45] indicate a gap value 1(0) = 1.6 ± 0.2 meV,
in good agreement with the BCS theory. The coherence
length in the ab plane, extracted from normalized zero-bias
conductance vortex profile, reaches 33 nm, in good agreement
with the value obtained from magnetic measurements [17]. No
evidence of two-gap superconductivity is observed. A larger
gap value 1(0) = 2.3 meV was reported by Kurter et al [46]
suggesting possible strong coupling and anisotropic gap.

A clear proof of this anisotropy was given from
directional point contact spectroscopy [47], which confirmed
previous STM results and clearly showed the anisotropy of
the gap function predicted by theory [44]. However, the gap
value is 1.36–1.7 meV, and the anisotropy is probably greater
than proposed from first-principles calculations. In addition

to the STM experiments, far-infrared reflectance spectra [48]
supported the s-wave scenario, confirming the anisotropy of
the gap function.

5. Phonon properties

Phonon modes were studied by Raman scattering [49].
Spectra on cleaved surfaces systematically show two bands at
1500 cm−1 and 450 cm−1 assigned to Raman-active Eg modes
originating from the in-plane bond-stretching mode and the
out-of-plane puckering mode. The in-plane Ca modes might
be accessible by far-IR absorption techniques.

An unusual Ca isotope effect coefficient of 0.52 was
reported by Hinks et al [50]. This high value suggests
low contribution of the C phonons to the superconducting
mechanism. However, small amount of CaC6 in the samples,
due to the intercalation process, could also be a reason,
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Figure 5. (a) Resistivity versus temperature under various pressures [51] and (b) evolution of the unit cell (hexagonal structure, left axis)
and of the critical temperature (right axis) with pressure [55].

considering the smaller Tc observed in the 44Ca-enriched
sample. Nevertheless, recent calculations suggest that the Ca
isotopic effect can be explained by the involvement of the
Ca 3d states [51].

6. High pressure studies

High pressure is a powerful tool in studies of structural and
superconducting properties. In case of CaC6, Tc increase
of 3.6 K is observed under a pressure P = 8 GPa [52]
(figure 5). The Tc(P) dependence is linear, with a slope of
∼0.5 K GPa [52–54]. Generalized Bloch–Grueneisen’s
formula with two phonons modes fits the resistivity curves
ρ(T) for T > Tc. The phonon energies and the weights of both
modes at atmospheric pressure are in good agreement with the
calculation [31]. In-plane Ca and out-of-plane C modes were
attributed to the low- and the high-energy modes, respectively.

For pressure between 8 and 10 GPa, Tc dramatically falls
to 5 K [52]. This phenomenon was attributed to the softening
of the in-plane Ca phonon mode, leading to structural
instability. Interestingly, YbC6 exhibits a similar pressure
dependence of the resistivity—Tc increases linearly first and
then suddenly falls for P > 2 GPa [54].

X-ray diffraction measurements under pressures
up to 13 GPa were carried out to understand this
phenomenon [55]. No change in the space group and no
extra peaks were observed. However, a clear change in
the isothermal compressibility coefficient was detected
(figure 5). Below 9 GPa, da/dP = −0.38 pm GPa−1 and
dc/dP = 8.1 pm GPa−1. At 9 GPa, the compressibility of
CaC6 suddenly increases by ∼3 times. In addition, a large
increase of the XRD line width is observed for pressure
above 9 GPa revealing pressure-induced disorder. Small
displacement of Ca atoms might be responsible for this
structural transition [56]. The associated symmetry reduction
might be undetected due to insufficient signal-to-noise ratio.

7. Conclusions

Using a liquid-solid synthesis method, pure bulk samples of
CaC6 were prepared, allowing characterisation of structural
and superconducting properties. CaC6 crystallises in a
rhombohedral unit cell (space group R3̄m), and it is the
only MC6 type graphite intercalation compound adopting
such a structure. CaC6 is type-II superconductor with Tc =

11.5 K. This critical temperature is the highest for this
class of materials. According to the various experiments and
theories, the classical electron-phonon mechanism seems to
be responsible for superconductivity. However, several points
remain to be solved like, for example, the effect of graphite
quality. Indeed, the amount of defects in the starting host
material could be one of the causes of the small disagreements
between various reports.

The critical temperature was increased up to 15.1 K
by applying pressure of 8 GPa. At higher pressure, Tc falls
dramatically. XRD has been recorded under pressure in order
to understand the nature of this transition. No structural
changes were detected and an order-disorder transition was
pointed out.
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